Traditional "follow-the-steps" laboratories associated with many engineering courses have limited learning benefits and poorly prepare students to design or conduct experiments as mandated by ABET criterion 3b. The laboratory section of our junior-level Medical Electronics course was redesigned based on the inquiry-based approach. In this approach, the goal of the experiment is specified, but to a large extent, the students devise the experimental procedures with limited guidance from the instructor. For each assignment of our laboratories, students were tasked to design an electronic circuit or an experiment to characterize an electronic component. Students received primary sources such as application notes and data sheets, as well as a few questions to orient their preparation. However, in contrast to the practice of traditional laboratories, a circuit diagram including component values, or a plan for the experiment including information about the measurements to obtain was not provided. Each laboratory session started with a discussion moderated by the instructor and teaching assistant aimed at establishing a layout for the circuit or a template for the design of the experiment.
Introduction and background
Laboratory courses in engineering have been used to develop experimental skills, learn experimental techniques, become familiar with key pieces of laboratory equipment, document the validity and limitations of theoretical models applied to real systems on the benchtop, and promote creativity in conceiving experiments.
Most traditional engineering laboratory assignments use a "cookbook" or "follow-the-steps" approach, in which students follow detailed instructions and procedures to observe and gather measurement data [1] . With this approach, students may learn how to use laboratory equipment and observe that the course theory is reflected in tangible systems. However, it is questionable that the cookbook approach helps the students develop experimental skills, since they follow instructions systematically with the belief that these instructions lead to the expected results. The instructions are never questioned by the students while experimentalists are usually aware of the limitations of their experimental methods and are constantly striving to develop better methods. When questioned about the instructions, students are often incapable of explaining why the instructions asked them to proceed in a certain way rather than in a different way. In addition, the traditional approach does not promote creativity in the laboratory since students are told what to do in exact detail [2] .
Criterion 3b of the accreditation process for engineering programs by the Accreditation Board for Engineering and Technology (ABET) requires that graduates from an accredited engineering program have the ability to design and conduct experiments, as well as to analyze and interpret data. Engineering laboratories in which students follow detailed procedures without deviation are unlikely to impart the ability to design and conduct experiments because the students never experience designing experiments and are being led by prescriptive instructions rather than by a protocol they established on their own. Provided they follow the instructions correctly, the students never fail to get the "expected results" while true experiments fail and unexpected findings are sources of learning and discoveries.
Practicing engineers engage in project reviews where they can discuss the progress of a design or development and provide feedback or suggestions to each other. Similarly, scientists have laboratory meetings in which experiments are discussed and different members of the laboratory help each other think through their data and how to move forward. Participants are agents of their own learning and progress by collectively determining the next course of action [3] . This collaborative aspect of deciding together the way forward is also not part of the traditional engineering laboratory model.
Inquiry-based learning takes place while the students are answering questions and solving problems with the instructor serving as a facilitator rather than in the role of deciding all aspects of what the students will do and what they will learn [4] . This approach has been widely recommended in high school science teaching, to a lesser extent in engineering at the college level, and even less so for laboratory teaching.
We describe the implementation of inquiry-based laboratories in a Medical Electronics course, the feedback we received from the students after the first offering of the laboratories, and modifications we have implemented in the second round of testing this model for laboratory instructions.
Methods
The "Medical Electronics" course at our institution is a 4-unit required course in the curriculum of our Biomedical Engineering undergraduate program with an enrollment of about 50 juniors and seniors. The course presents the analysis and design of analog electronic functions commonly found in measurement systems and medical instruments, as well as the components used to implement these functions in hardware. Students learn about sensing and conditioning with medical transducers, transducer amplifiers and active filters, DC power generation and linear power supplies, signal amplification with bipolar junction transistors and analog amplifiers. The students attend two 80 min lectures and one laboratory session every week. To accommodate the large enrollment, two laboratory sessions were traditionally offered with similar numbers of students in each session.
The lecture part of the course is delivered using the flipped classroom instructional approach which promotes learning by collaborative problem-solving [5] , [6] . In the classroom, the students work in groups of 4 to 6 to solve problems from an assignment sheet after having viewed at home short recorded video-lectures that present the course material. In-class discussions of circuit analysis and circuit design problems do not follow a pre-arranged order but rather occur at the request of students when they have difficulty understanding the solution to a problem. The active learning student-centered format of the classroom experience contrasted with the traditional "cookbook" format of the laboratories. In addition, the instructor and teaching assistants frequently observed that even if the students could apply specified procedures or perform measurements in a prescribed way for one laboratory, they often would not know when or how to apply the same approach for a different laboratory assignment.
In this context, the laboratory experiments were redesigned in accordance with principles of inquiry-based laboratory instruction [1] in the following manner.
1. Each laboratory assignment was presented to the students as a challenge: an experiment they needed to design and conduct to characterize a component, or a circuit they needed to design and build to accomplish a certain biomedical measurement while complying with specified performance requirements. 2. The assignment did not include procedures to follow. Rather the students needed to conceive and propose their own experimental approach to meet the challenge and characterize the component or complete the design. 3. Each assignment comprised a few background questions to orient the laboratory task in the context of the course content. 4. The students were oriented toward a few primary sources (datasheets, application notes) and encouraged to obtain additional information through web searches without being limited to a unique reference or to the course textbook. 5. When possible, the components and parts that could be used for a design were not limited to a single choice. Rather, the assignment listed a variety of parts the students could choose from. In their laboratory report, they were asked to indicate the reasons for their choices and the information in the components data sheets that lead to the selection. 6. Each laboratory session started with a discussion among students facilitated by the instructor and teaching assistant. The challenge was discussed in the context of the background questions. Procedures were defined with some possibility for deviations. Then the students built the circuitry needed to meet the challenge and collected experimental data to demonstrate their implementation met the goals of the laboratory. The students summarized their work in a progress report or final report they turned in one week after each laboratory session. Figure 1 illustrates two examples of assignments that challenge the students to design an experiment to measure the current-voltage characteristic curve for different diodes and to design a linear dc power supply. Each assignment starts by specifying the challenge, which is followed by background questions that the students must research or reflect on in relation to the measurement of the characteristic curve or the basic configuration of a dc power supply. The preparation that the students must complete as a pair is then detailed and often comprises simulations of the circuits and measurements with a circuit simulator (Multisim, National Instruments Corp.). When warranted, a list of parts available in the laboratory supply room is indicated with ample choice for the students to select specific parts for their design. The laboratory assignments also indicated what the students needed to include in their laboratory reports to demonstrate they completed the task (not shown). In particular, the assignments asked that the students discuss which information from the data sheets they used as part of their design and testing. Experimental methods however were not specified as part of the assignment.
As noted above, students began the laboratory by a group discussion facilitated by the instructor and teaching assistant. Several students were invited to present at the white board their answers to the background questions and their ideas for completing the task. Data sheets for relevant components were displayed on the projection system and discussed to identify characteristics that justified the choice of the components for the implementation. This discussion lasted about 45 min at the end of which, an outline of the procedures was agreed on. The students spent the rest of the 3-hour lab period building and testing their circuits, as well as gathering measurement data to demonstrate they had met the challenge. To assess the students' perceptions of the inquiry-based laboratory format as implemented in the first offering of the course, an anonymous survey was conducted toward the end of the semester. The survey comprised 10 quantitative questions scored on a 1-5 Likert scale, 5 comment fields related to these questions, and 2 questions asking the students to estimate the amount of time they spent working on the preparation and the post-lab report. The quantitative questions were used to assess the students' perceptions relative to their shortterm experience in the laboratories and their longer-term perspective on the laboratory learning experience. The students' statements in the comment fields were analyzed to identify recurring themes in the student responses and in this way, extract qualitative feedback to complement the quantitative responses.
Results
The students finished the semester having completed most of the laboratory experiments, even though only a few groups finished the second mini-project dealing the non-invasive blood pressure measurement. During the preparatory discussions, the instructor and teaching assistant noted that some students were reluctant to participate in part because they had not adequately prepared.
Twenty-two students completed the end-of-semester survey out of 47 students enrolled in the course. Figure 2 summarizes the students' responses relative to their perceptions of the inquiry-based laboratories in the short term. On average, the students perceived the laboratories to be very challenging and found that the preparatory assignments were not sufficient to prepare for the benchtop experiments. The students found the initial laboratory discussions and listening to one another during these discussions moderately beneficial. In general, they reported their prior experiences in laboratory classes had not prepared them sufficiently for the inquiry-based approach. The students were mostly neutral in their assessment of the long-term benefits of the laboratory experience and in the advantages of the inquiry-based format over the traditional "follow-the-steps" cookbook approach (Figure 3 ). They reported spending on average nearly 5 hours preparing for the laboratories and 5.5 hours to complete the post-laboratory report. Selected student comments in relation to the level of challenge posed by the lab format and to the contrast with the traditional "follow-the-steps" laboratories are transcribed in table 2. Several students appeared unsettled by the lack of specific directions in the pre-labs and by the amount of time required to prepare for the laboratories. By the end of the semester, many students realized the educational benefits of the approach while remaining ambivalent in relation to the amount of work required by the inquiry-based laboratories when compared to the traditional "follow-the-steps" experiments. • I actually liked the challenge involved in the labs and I really preferred it. I just think the grading was too harsh… • A bit hard to work out on own, but makes sense when done in the lab.
• The labs were very challenging. While they were related to material learned in class, I spent countless hours researching answers to the specific questions… • Labs are easy with guidance, but require an unreasonable amount of prelab work due to lack of direction. The proper research to complete the prelab can take 2-3 hours… For most of us, this is the first "real" engineering course we take.
• The pre-lab assignments were quite hard, I would spend approximately 4-6 hours sometimes on just the pre-lab. Also, they were quite harshly graded.
• Post-labs and actual laboratory experiments were difficult, but educational and doable.
Whereas the prelab seemed like assignments with vague guidelines that were both confusing and extremely time consuming.
• We have not had a lab like this before. While we are prepared to design circuits, we have rarely had to design from scratch.
• I definitely thought that this method allowed students to explore the topic more and understand what was going on rather than following the steps.
• I think it has the potential to be a superior learning experience, and it was definitely more relevant to working in the industry, but it was a pretty sudden change from the traditional lab structure… • More thinking and freedom, more interesting.
• As a student with a job and limited time, I would definitely prefer "follow-the-steps" but as a future professional with a career, I feel I learned a lot more with the approach used in our labs.
• I would prefer follow the steps laboratories. While I find that I am able to link the labs to the lecture material much better in these labs as opposed to follow the step ones, the labs this year took too much time. Word analysis of the perceptions expressed in the survey revealed that "unclear expectations" was mentioned most often (18 mentions) indicating that the lack of detailed directions in the preparation for the lab and the absence of a pre-determined protocol to follow disconcerted the students. However, a fraction of students indicated they became used to the format as the semester progressed. "Concern about grading" also appeared often in the students' comments (14 mentions). The students found the laboratories "educational" (11 mentions), "timeconsuming" (11 mentions), and they reported that having one instructor and one teaching assistant to advise them during the laboratories was "insufficient" (10 mentions). A lack of preparation and the amount of time passed since the students had their circuits course was also mentioned (5 mentions). This could be related to the fact that, about half the students take the Medical Electronics course as seniors, three semesters after taking the traditional circuits course and its associated laboratory.
Discussion
We redesigned the laboratories of our Medical Electronics course using the inquiry-based approach to promote higher order laboratory skills such as the collaborative aspects of professional laboratory work [1] and the use of primary sources as opposed to textbooks. The inquiry-based laboratories exposed the students to a more realistic laboratory experience when compared to traditional "cookbook" laboratories in that the students had to define the laboratory procedures, choose the parameters they would measure, and choose the parts they would use for their circuit design.
The inquiry-based approach has been used with positive outcomes in several engineering curricula but has often been limited to one or two laboratory experiences [1] , [4] as opposed to a whole semester as was done in our trial. There is a novelty aspect to trying the inquiry-based approach on a few occasions which can create buy-in on the part of students. We found mixed results with the inquiry-based laboratories in that the students reported being unsettled by the lack of clear expectations and detailed procedures in the laboratory assignments, which largely reflected their prior experience with traditional laboratory handouts in which all the steps are spelled out. The students were also concerned by the amount of time required to prepare for laboratories for which they had to do research, read technical material written for professional engineers, and find on occasion that they had been on the wrong track. Preparation time for inquiry-based laboratories was also a student concern in other studies [4] . Our students generally had positive impressions of the collaborative aspects of the initial laboratory discussions (Figure 2 ), which mirrors previously reported results [1] .
As a group, our students were neutral in their assessment of the long-term benefits of the inquiry-based laboratories with respect to the insight the approach gave toward planning experiments or toward electronic design as some may do in graduate school or in their engineering careers. Yet, in the free hand comments, a fraction of students expressed understanding the benefits of the approach with respect to the intellectual challenge each experiment represented and how working on these challenges helped their professional development. About half the students taking the course are juniors. We plan to survey them during their senior year to determine if the long term benefits of the laboratory format becomes more salient after additional experiences in classroom or research laboratories.
We did not test the student learning aspects of the laboratories, which could have been done using a laboratory practical exam or inserting questions in the course examinations related to the laboratory experiments. Previous reports indicate that Biomedical Engineering junior students who participated in one inquiry-based physiology laboratory outperformed classmates who engaged in a conventional laboratory experience on exam questions dealing with the topic explored in the laboratory [1] . Likewise, students involved in inquiry-based laboratories in a first-year general chemistry courses obtained higher scores on standard course exams and on laboratory practical exams compared to matched students engaged in traditional follow-the-steps laboratories [2] . They also prepared higher-quality laboratory reports when compared to the students who had the conventional laboratory experience. Thus, there are indications that the inquiry-based laboratories benefit learning the course content through the deeper insights they bring in understanding the material.
Several changes have been implemented in the on-going second offering of the inquiry-based laboratories.
• We added a laboratory section to reduce the number of students in each section to 18 or below. A teaching assistant slot was added to help cover the additional laboratory section which should improve the amount of supervision and guidance the students receive during the experiments.
• We prepared an instructional video to teach the students to assemble more effectively their electronic circuits on the prototype boards and gave them a check list to follow while building their circuits. Another instructional video was prepared to teach the students to read a component data sheet and to find in the data sheet relevant information to help them incorporate the component in their design.
• The first laboratory period was used for a tutorial and review on the use of the laboratory test instruments. Coincidentally, we replaced between the prior offering of the course and the current offering the traditional self-contained devices (oscilloscope, waveform generator, multimeter, regulated power supply) which many students had not used since their circuits course with a software based all-in one system ("VirtualBench", National Instruments Corp.), which further established the need for the tutorial session.
• Prior to discussing each background question of the laboratory assignments as a large group, we asked the students to discuss the question in small groups for a few minutes. This practice appeared to increase their comfort level in addressing the questions in front of the whole laboratory section. We also incited the students to work in pairs toward their pre-lab by accepting one pre-lab report per pair instead of one per student if they had worked together.
• In grading the pre-lab assignments, more emphasis was placed on the approach presented by the students to decrease their perception of "harsh" grading and increase their self-confidence and motivation.
• The course content discussed in lecture was re-ordered to present integrated devices (operational amplifiers, instrumentation amplifiers, audio and other specialized amplifiers) earlier in the semester. Use of these components is required for multiple laboratories and studying them earlier made the lecture content and laboratories more in tune.
A practical limitation of the inquiry-based approach with respect to electronic circuit design is that the laboratory room needs to be stocked with an abundant choice of parts as the students may select different combinations of components for the same design assignment, which is desirable but also increases the need for supplies. In certain cases, parts availability limited the choices afforded to the students, which also reflected the reality of a professional laboratory. Another practical limitation is linked to student absences. Students who miss a laboratory because of illness, job interviews, or graduate school visits do not participate in the class discussions and find it difficult to complete the laboratory assignment. Last, the format places additional demands on the instructor's time and class management. The instructor must strive to engage all the students in formulating the laboratory procedures. Otherwise, the less-engaged students just follow the procedures designed by the others and fall back in the conventional follow-the-steps approach.
Conclusions
Inquiry-based laboratories offer the promise of developing more creative engineers who can design experiments, utilize professional documentation, and collaborate professionally as engineers and scientists do. We tested a general structure for inquiry-based laboratories and presented some of the benefits and challenges encountered when switching from the traditional follow-the-steps laboratories to the inquiry-based approach. These included a deeper understanding of the course content and of the nature of laboratory work, at the expense of increased time for students' preparation, discomfort in switching from a familiar format to a more abstract format, and the need for additional human and material resources.
